Hypocalcemia and hyperphosphatemia caused by parathyroid hormone (PTH)-resistance are the only discernible abnormalities in pseudohypoparathyroidism type Ib (PHPIb). Because mutations in the PTH͞PTH-related peptide receptor, a plausible candidate gene, had been excluded previously, we conducted a genome-wide search with four PHP-Ib kindreds and established linkage to a small telomeric region on chromosome 20q, which contains the stimulatory G protein gene. We, furthermore, showed that the genetic defect is imprinted paternally and thus is inherited in the same mode as the PTH-resistant hypocalcemia in kindreds with PHP-Ia and͞or pseudopseudohypoparathyroidism, two related disorders caused by different stimulatory G protein mutations.
The term pseudohypoparathyroidism (PHP) first was used in the description of patients with parathyroid hormone (PTH)-resistant hypocalcemia and hyperphosphatemia (1) in whom exogenous PTH fails to increase urinary phosphate and cAMP excretion (2) (3) (4) . Besides an abnormal regulation of mineral ion homeostasis, affected patients show other endocrine deficiencies and characteristic physical stigmata, now collectively referred to as Albright's hereditary osteodystrophy (AHO). This syndrome, now termed PHP type Ia (PHP-Ia), is caused by heterozygous inactivating mutations in the GNAS 1 gene encoding the ␣ subunit of the stimulatory G protein (G s ␣). These mutations lead to an Ϸ50% reduction in G s ␣ activity͞protein and thus explain, at least partially, the resistance toward PTH and other hormones that mediate their actions through G protein-coupled receptors (2) (3) (4) . A similar reduction in G s ␣ activity͞protein also is found in patients with pseudo-pseudohypoparathyroidism, who show the same physical appearance as in PHP-Ia but have no endocrine abnormalities. This suggested that mutations in the G s ␣ gene are necessary but not sufficient to explain fully either PHP-Ia or pseudo-pseudohypoparathyroidism (2-7). Both disorders typically are found within the same kindred, and recent studies have shown that resistance toward PTH and other hormones is imprinted paternally; that is, PHP-Ia occurs only if the defective gene is inherited from a female affected by either form of the two disorders (8, 9) .
Another form of pseudohypoparathyroidism, PHP type Ib (PHP-Ib), also is characterized by PTH-resistant hypocalcemia and hyperphosphatemia. However, in contrast to the findings in PHP-Ia or pseudo-pseudohypoparathyroidism, patients affected by PHP-Ib have normal G s ␣ activity, lack developmental defects, and typically show, besides resistance toward PTH, no additional endocrine abnormalities (2) (3) (4) . These differences in clinical and laboratory presentation suggested that PHP-Ia and PHP-Ib are unrelated disorders and therefore were thought to be caused by distinct molecular defects. Because of the selective resistance toward a single hormone, inactivating mutations in the receptor for PTH, i.e., the PTH͞PTH-related peptide (PTHrP) receptor (10) (11) (12) , initially were thought to be responsible for PHP-Ib (13, 14) . However, in a considerable number of PHP-Ib patients, such mutations were excluded for all coding and noncoding exons of the PTH͞PTHrP receptor gene (15, 16) , and analysis of the receptor's mRNA provided no evidence for splice variants that could have offered an explanation for the disorder (17, 18) .
Inactivating PTH͞PTHrP receptor mutations were, however, found in patients with Blomstrand lethal chondrodysplasia, a rare autosomal recessive disorder characterized by advanced skeletal maturation and accelerated chondrocyte differentiation (19) (20) (21) , leading to developmental abnormalities that are similar to those in PTH͞PTHrP receptor-ablated mice (22) . However, in humans and mice, the lack of only one functional PTH͞PTHrP receptor allele does not result in obvious abnormalities, indicating that heterozygous inactivating receptor mutations are unlikely to cause an autosomal dominant disorder such as PHP-Ib. Furthermore, individuals with PHP-Ib show normal osseous response to PTH or even evidence for increased bone turnover and osteoclastic resorption, indicating that not all PTH-dependent actions on osteoblasts are impaired (2, 3, 23) . Moreover, PHP-Ib patients lack obvious abnormalities in the metaphyseal growth plates and thus show normal longitudinal growth, indicating that the PTHrP-dependent regulation of chondrocyte growth and differentiation is normal (22, 24) .
Taken together, all available data imply that PHP-Ib is caused by a tissue-or cell-specific defect in PTH͞PTHrP receptor expression or by a defect in a protein that mediates the PTHdependent signaling events downstream. To identify the genetic locus of PHP-Ib and to gain, through the identification of the underlying molecular defect, novel insights into the regulation of calcium homeostasis, we performed a genome-wide search using genomic DNA from one large kindred with the disorder.
METHODS
PHP-Ib Kindreds. One or several members of the investigated kindreds had been diagnosed with PHP-Ib several years or decades ago, and several of us (J.D.C., D.E.C.C., M.L.L., and T.K. and H.K., respectively) were involved in their long-term medical care; none of the affected members in either kindred show(ed) clinical evidence for AHO. The North American kindreds (F, P, and D) were Caucasian of Western European origin; one family (T) was from Japan. Genomic DNA was extracted from peripheral blood leukocytes as described (15) ; the study was approved by the Subcommittee on Human Studies of the Massachusetts General Hospital (Accession No. 92-7338).
Genotype Analysis. The random genome scan was performed with Ϸ350 microsatellite markers of the Weber 6.0 primer set (Research Genetics, Huntsville, AL); additional primer pairs (www.CHLC.org and www.genome.wi.mit.edu; ref. 25) either were purchased from Research Genetics or were synthesized at the Polymer Core Facility, Massachusetts General Hospital, Boston. For the telomeric region of chromosome 20q, we used previously described markers (26, 27) and markers developed by The Sanger Centre, Cambridge, U.K. (www.sanger.ac.uk͞HGP͞ Chr20). PCR reactions using 20 ng of genomic DNA were performed as described in 96-well microtiter plates (28) ; the number of different alleles was assessed, and results for each marker were scored by two independent observers; discrepancies were resolved by re-examination of the gels or by repeating the analysis for a particular marker.
Linkage Analysis. Two point logarithm of the odds of linkage (lod) scores were calculated by using the MLINK option of the LINKAGE package software, version 5.1 (29, 30) , assuming a disease frequency of 0.1%, equal allele frequencies, and autosomal dominant inheritance with full penetrance.
Southern Blot Analysis of Genomic DNA. Genomic DNA from an affected and an unaffected individual of each PHP-Ib kindred was digested with one of several different restriction endonucleases (PvuII, XbaI, EcoRI, and BamHI). After separation on an 0.8% agarose gel and transfer onto nitrocellulose, the blot was probed with a cDNA fragment encoding most of the human G s ␣ protein (IMAGE Consortium; clone ID: 359224), which was 32 P-labeled as described by random priming (15) . Southern Blot Analysis of Phage Artificial Chromosome (PAC) Clones. PAC clones dJ588K17, dJ588H16, dJ552A20, dJ746H22, dJ614C15, dJ746G23, and dJ884F15, kindly provided by Panos Deloukas (The Sanger Centre, Cambridge, U.K.), were grown overnight in Luria-Bertani medium (35 ml) containing 25 g͞ml kanamycin, and DNA was extracted by alkaline lysis as described (31) . PAC-derived genomic DNA was digested with BamHI and was separated on an 0.8% agarose gel, and the resulting blots were probed with 32 P-end-labeled primers as described (15) .
RESULTS
PHP-Ib Kindreds. Four kindreds were investigated in which PHP-Ib followed an autosomal dominant mode of inheritance, albeit with variable penetrance (Fig. 1A-D) . Furthermore, the severity of the disease appeared to vary from one family to another, and, even within a single kindred, some individuals showed significant hypocalcemia and consequently severe secondary hyperparathyroidism whereas others showed elevated PTH concentrations as their only evidence for abnormal regulation of mineral ion homeostasis. For example, F-IV͞41 and F-V͞51 had hypocalcemic seizures at age 8 and 3 years, respectively, whereas F-III͞37 was not diagnosed until age 25, when he was evaluated for the present study (calcium, 2.00 mmol/liter; phosphate, 1.32 mmol/liter; and PTH, 319 pg/ml). However, recurrent muscle cramps, particularly during mild gastrointestinal infections, had been noted since childhood. Similarly, P-III͞301 had recurrent hypocalcemic seizures before treatment with calcium and vitamin D, initiated at age 10, whereas P-II͞22 was not diagnosed until age 52 (calcium 2.24 mmol/liter͞phosphate 1.09 mmol/liter͞PTH 381 pg/ml).
In family D, the propositus, D-II͞22, was diagnosed with PHP-Ib in 1976 at age 13 after a hypocalcemic seizure (calcium, 1.50 mmol/liter; and phosphate, 2.74 mmol/liter). One of his sister's sons, D-III͞31, presented in 1995 at age 11 with muscle weakness and pain but without other clinical symptoms despite severe hypocalcemia (calcium, 1.68 mmol/liter; phosphate, 2.71 mmol/liter; and PTH, 410 pg/ml). D-III͞32, D-III͞34, and D-III͞35 were completely asymptomatic when evaluated for the present study but showed either hypocalcemia associated with hyperphosphatemia and secondary hyperparathyroidism (D-III͞ 32) or normal blood calcium levels but elevated phosphate and PTH (D-III͞34 and D-III͞35). Furthermore, D-III͞35 (age 17), but not his younger brother D-III͞34 (age 6), exhibited significant basal ganglia calcifications. D-II͞21 had an elevated PTH whereas her sister D-II͞23 (the mother of D-III͞34 and D-III͞35) showed no laboratory abnormalities. Thus, the females in kindred D were particularly mildly affected, and the presence or absence of PHP-Ib was determined primarily on the basis of laboratory findings in their children.
In kindred T, individuals T-II͞3, T-II͞6, and T-III͞7 complained of paresthesias and recurrent muscle cramps since 4-5 years of age. T-II͞10 had recurrent seizures before the diagnosis of PHP-Ib was established in the early 1970s and treatment with calcium and vitamin D analogs was initiated. T-I͞2 and T-I͞8 were asymptomatic; similarly, T-I͞9 showed no clinical or laboratory evidence for PHP-Ib, and all of his five children and 12 grandchildren are healthy.
Based on the above findings, individuals were classified as obligate carriers of the PHP-Ib gene if (i) biochemical abnormalities were documented, i.e., low calcium, elevated phosphate, and͞or elevated PTH, or (ii) an individual without obvious laboratory abnormalities had affected children and other affected relatives.
Genome-Wide Search for the PHP-Ib Gene Locus. The PTH͞ PTHrP receptor (12, 32, 33) , the PTH2-receptor (34) , and the GNAS 1 gene (3, 27, 35), initially considered as potential candidate genes, had been excluded in preliminary studies by others (36, 37) . We, therefore, decided to perform a genome-wide scan using genomic DNA from 15 members of kindred F and Ϸ350 microsatellite markers that were spaced at Ͻ10-centimorgan intervals.
Nine markers gave a positive lod score of Ϸ1 or more; however, reanalyses with additional markers and additional family members excluded eight of these chromosomal regions (data not shown). Only the telomeric region of chromosome 20q, initially screened with markers D20S100 and D20S102, could not be excluded and gave a maximal lod score of 2.20 (marker D20S102; ϭ 0); no recombinants were identified for this marker, but several affected and unaffected family members were uninformative. We therefore generated a more detailed linkage map of the region between markers D20S902 and D20S173 for all four kindreds and obtained with fully informative markers maximal lod scores of 2.51 (D20S149; ϭ 0.1) for kindred F, 2.90 (marker D20S149; ϭ 0.1) for kindred P, 1.51 (marker D20S86; ϭ 0.1) for kindred D, and 2.07 (marker D20S171; ϭ 0) for kindred T; note that all offspring of affected males showed normal blood chemistries and therefore were classified as unaffected. When using only the affected members (and available unaffected spouses) for calculations, maximal lod scores (all with ϭ 0.0) for fully informative markers in all four kindreds were identical to the maximal theoretical lod scores (Table 1) . Although none of the markers was equally informative for all kindreds, the combined maximal lod scores was 5.09 (marker D20S25) (combined maximal theoretical lod score: 6.89), strongly indicating that the PHP-Ib gene is localized within the chromosomal region 20q13.3. The PHP-Ib Gene Is Paternally Imprinted. In each kindred, one or several individuals carried the allele associated with PHP-Ib but showed no biochemical evidence for the disorder; these unaffected gene carriers were always offspring of obligate male gene carriers. For example, haplotype analysis of the offspring of the affected male F-II͞21 showed that four of his five children (F-III͞31, F-III͞33, F-III͞34, and F-III͞35; see Fig. 1 A) had inherited the same paternal allele but showed no clinical or laboratory abnormalities and consequently never required treatment with calcium and͞or vitamin D analogs. However, F-III͞31 and F-III͞34 have affected children and grandchildren, respectively, indicating that they are obligate gene carriers. Similarly, in kindreds D and P, three unaffected individuals (P-III͞212, P-III͞ 251, and D-III͞33) had inherited the disease allele from their affected fathers (P-II͞21, P-II͞25, and D-II͞22, respectively). In kindred T, the biochemically unaffected sisters T-I͞2 and T-I͞8 have affected children, suggesting that both are carriers of the PHP-Ib gene; their unaffected brother T-I͞9 has five unaffected children and twelve unaffected grandchildren (note that nine of his grandchildren are from daughters), suggesting that he is not a carrier of the genetic defect.
Because of these findings and because several genes on chromosome 20q, including GNAS 1, are known to be expressed from only one parental allele (8, 38), we assessed whether paternal imprinting could account for the incomplete penetrance observed in PHP-Ib. In the four PHP-Ib kindreds, 17 females and 16 males were considered to be obligate gene carriers (Table 2) . Although none of the obligate male carriers had affected children, obligate female carriers had 18 affected children (P Ͻ 0.001). These findings suggested that the PHP-Ib gene is imprinted paternally and, furthermore, indicated that the females F-I͞12, P-I͞12, and D-I͞11 and the sisters T-I͞2 and T-I͞8 were͞are unaffected gene carriers who inherited the disease allele from their respective fathers; this conclusion is strongly supported by the finding that these individuals have, in the linked region, the same haplotype as their affected descendants (see Fig. 1 A-D) .
lod Score Calculations Assuming Paternal Imprinting of the PHP-Ib Gene. Because of the incomplete penetrance of the PHP-Ib phenotype caused by paternal imprinting, lod scores were recalculated but without considering offspring of affected males that have no affected children or grandchildren (i.e., F-III͞32, F-III͞33, F-III͞35, D-III͞33, P-III͞211, P-III͞212, P-III͞251, and P-III͞252). Furthermore, we excluded two females of kindred D (D-II͞26 and D-II͞27) who are unaffected biochemically and have no children. With these exclusions, maximal lod scores, all at ϭ 0, were for each kindred identical to the maximal theoretical lod scores ( Table 3 ). The combined maximal lod score was 8.88 (marker D20S149); note that this marker was almost completely uninformative for kindred D and that one affected individual in kindred T was recombinant at this locus. Maximal lod scores (and the recombination fraction) for the different markers are shown for each kindred, as are the combined maximal lod scores; results identical to the maximal theoretical lod scores are in bold; the highest combined lod score is in bold italic. 
Fine Mapping of the Linked Region and Haplotype Analyses.
To minimize the number of recombination events for both alleles of all investigated individuals, the previously described location of some markers (www.CHLC.org and www.sanger.ac.uk͞HGP͞ Chr20; refs. 25-27) was altered ( Fig. 2 ; see also Fig. 1 A-D) . For example, marker D20S93 was placed telomeric of D20S171 and not centromeric, as suggested by radiation hybrid mapping (www sanger.ac.uk͞HGP͞Chr20), because three individuals in kindred F (F-I͞13, F-IV͞48, and F-III͞38) would otherwise be double recombinants.
Haplotype analysis of all four kindreds showed that the centromeric boundary of the linked region is located between markers D20S102 and D20S25 ( Fig. 2 ; see also Fig. 1 A-D) . For kindreds P, D, and T, the telomeric boundary of the linked region was placed between markers D20S64 and D20S171; in kindred F, one affected individual (F-V͞51) was recombinant at D20S171 and the intragenic GNAS marker [a dinucleotide repeat polymorphism in the third intron of the G s ␣ gene (39) ]; the PHP-Ib gene thus resides between markers D20S102 and GNAS (Ϸ7 centirays).
To confirm and refine the reported order for markers stAFMa202yb9, GNAS, and D20S171 (www.genome.wi.mit.edu and www.sanger.ac.uk͞HGP͞Chr20), seven PAC clones were probed by Southern blot analysis with different markers (see Fig. 2 ). Six of these PAC clones were positive for GNAS and the more telomeric marker D20S1073 (www.genome.wi.mit. edu and www.sanger.ac.uk͞HGP͞Chr20). Two of these clones, dJ588K17 and dJ588H16, were also positive for D20S171 and D20S616, which are even further telomeric than D20S1073; this indicates that both clones extend further toward the telomere. Two other clones, dJ746H22 and dJ746G23, were not only positive for D20S1073 and GNAS but also for stAFMa202yb9, indicating that these extend further toward the centromere. The most telomeric PAC clone, dJ884F15, was only positive for D20S616. These findings indicate that stAFMa202yb9 is located centromeric of GNAS and that D20S171 is telomeric of GNAS; the latter observation was suggested by radiation hybrid mapping (www.sanger.ac.uk͞ HGP͞Chr20). Because of this order of the markers, and because F-V͞51 was not informative for stAFMa202yb9 (see Fig. 1 A) , the GNAS 1 gene was not excluded completely as a candidate gene for PHP-Ib. We, therefore, performed Southern blot analysis of genomic DNA from affected and unaffected members of each kindred that had been digested with several different, infrequently cutting restriction endonucleases. However, no evidence was obtained for larger deletions and͞or rearrangements in the coding exons of the G s ␣ gene and in the adjacent 5Ј and 3Ј regulatory regions (data not shown).
DISCUSSION
In the present study, we established linkage of PHP-Ib to a region on the telomeric end of chromosome 20q (20q13.3). Consistent with earlier observations for other genes in this region (38) , the disease was inherited in the four investigated kindreds in a mode that strongly suggested paternal imprinting and thus resulted in biochemical abnormalities only if the defect was inherited from an obligate female gene carrier. The previously noted uncertainty regarding the mode of inheritance of PHP-Ib (see ref. Fig. 1 A-D) , and by Southern blot analysis of selected PAC clones provided by the Sanger Centre (see Results for details). Results that were obtained with some fully informative markers, and with GNAS were reanalyzed by using most available affected and unaffected members of the four PHP-Ib kindreds; with the exception of F-III͞31 and F-III͞34, all offspring of obligate male carriers, and D-II͞25 and D-II͞27 were excluded for these calculations (see text for details). lod scores are shown at different recombination fractions; results identical to the maximal theoretical lod scores are in bold; combined maximal lod score is in bold italic (combined maximal theoretical lod score is 13.9).
likely to contribute to the considerable variability of the disease severity. Because of these yet unknown factors, and because of the unusual mode of inheritance, it appears likely that at least some ''sporadic'' cases of PHP-Ib in fact may be familial and that detailed laboratory investigations of the entire family of affected individuals may lead to the identification of additional, possibly less severely affected, family members.
The telomeric end of chromosome 20q, which contains the PHP-Ib locus, comprises the gene encoding G s ␣, and different heterozygous mutations in this latter gene had been identified in a large variety of patients with either PHP-Ia and͞or pseudopseudohypoparathyroidism (3, 4, 6, 7) . Although these mutations offered a plausible explanation for the equivalent reductions in G s ␣ activity͞protein, the mechanisms leading either to AHO alone, or to AHO combined with resistance toward PTH and other hormones, remains obscure (3, 4, 6, 7). More recently, it was shown that endocrine abnormalities are only present if the G s ␣-defect is inherited from a female whereas the AHO phenotype can be transmitted from either parent (8, 9) .
Similar observations, i.e., paternal imprinting of PTH-resistant hypocalcemia, were now made in patients with PHP-Ib. Furthermore, linkage was obtained to the chromosomal region that comprises the G s ␣ gene locus, indicating that a common mechanism could be responsible for the abnormal regulation of mineral ion homeostasis in PHP-Ib and PHP-Ia. However, because one affected individual (F-V͞51; see Fig. 1 A) was recombinant within the GNAS 1, at least portions of this gene appear to be excluded. Furthermore, no gross deletions or rearrangements of the G s ␣ gene were detected by Southern blot analysis. It is, therefore, possible that two distinct genes, the G s ␣ gene and the ''PHP-Ib gene,'' are involved independently in the regulation of mineral ion homeostasis. However, these two genes would have to reside in the same or in adjacent, paternally imprinted regions and could be in close enough physical proximity to allow the sharing of regulatory elements and͞or coding nucleotide sequences, as observed with other imprinted genes (40) (41) (42) (43) (44) .
Because the recombination event (F-V͞51; see Fig. 1 A) in the third intron did not exclude the entire G s ␣ locus, this gene remains a plausible candidate, and it appears possible that the PTH-resistant hypocalcemia observed in patients with either PHP-Ia or PHP-Ib is caused by a tissue-or cell-specific defect in G s ␣ gene expression. In fact, recent data from G s ␣ gene-ablated mice indicate that offspring who inherit the mutant allele from a female show substantially decreased G s ␣ concentrations in the renal cortex and in adipocytes but not in the renal medulla or in other investigated tissues. Furthermore, only offspring of heterozygous, G s ␣-ablated females develop hypocalcemia and secondary hyperparathyroidism (4, 45) , indicating that ablation of one G s ␣ allele can lead in mice to changes in mineral ion homeostasis that are similar to those observed in patients with either PHP-Ia or PHP-Ib.
Of interest, recent preliminary findings suggest that a splice variant of the G s ␣ gene, XL␣s (46) , is transcribed only from the paternal allele (47) . This finding provides further confirmation that the chromosomal region that comprises the GNAS locus undergoes imprinting (38) . If G s ␣ transcripts are derived, at least in some tissues or cells, from only one parental allele, as suggested by this and other studies in humans and mice (4, 8, 9, 45) , mutations in a promoter or enhancer of the G s ␣ gene could explain the kidney-specific resistance toward PTH and the resulting hypocalcemia in patients with PHP-Ib.
